Hour-by-hour cooling performances of a typical ranch house, with and without the use of a whole-house fan, were compared for the climate conditions throughout the contiguous United States. The comparative analyses were made by the use of NBSWHF, a modified version of NBSLD, to simulate the complex thermal coupling of whole-house-fan ventilated attic space. The calculations were performed for two operational modes: a cyclic fan mode and a stepwise continuous mode.
cooling energy consumption, a limited study conducted on the attic wholehouse fan proved to be extremely beneficial.
While an attic fan is usually installed at the gable and draws the outdoor air through gable and soffit ventilation openings, the attic whole-house fan is mounted at the ceiling, and draws outside air through windows and exhausts it through the attic space.
The fan would be turned on whenever the outdoor temperature is low enough to provide natural cooling. Since an average whole-house fan would require 400 to 500 watts of electrical energy as contrasted to the 2500 to 3000 required for central air conditioning, it is easy to see that significant electrical energy savings are possible by substituting the use of a whole-house fan for a central air conditioner.
Most of the whole-house fans are designed to ventilate a house at 1/2 to 1 air change per minute. If the house temperature is to be maintained at a reasonably comfortable condition, the use of a whole-house fan could be substituted for that of an air conditioner whenever the outdoor temperature is less than about 82°F. Table 1 shows the number of hours during the year when the outdoor temperature is less than 82°b ut higher than 65°f or ten different cities in the United States. The lower limit of 65°w as chosen because it would be unlikely that either natural or whole-house ventilation would be used when the outdoor temperature was that low. Natural ventilation simply by opening windows (but without the fan running) may be sufficient below 72°F . The number of hours shown in Table 1 that occur when the outdoor temperature falls within the 72-82°t emperature bin, therefore, represents a potential number of hours when the whole-house fan can be utilized.
The actual number of hours when the whole-house fan is used, however, depends strongly upon the interaction between the building heat transfer and storage characteristics with respect to the cooling potential of the outdoor air. The actual electrical energy savings obtained by the use of the whole-house fan is also dependent upon the manner in which it is operated. The purpose of this study is to evaluate the effectiveness of whole-house ventilation by simulating the detailed building heat transfer process with respect to the mode of operation of a whole-house fan.
The whole-house fan may be activated as soon as the outdoor temperature falls below a set point, and left running continuously not only to maintain the comfort condition but also even to undercool the house.
The undercooling is done intentionally to store the coolness to counter the hot daytime condition that follows.
Unless carefully monitored, however, this mode of operation may end up wasting a large amount of fan energy.
The wasting of the fan energy may be reduced by reducing the fan speed in accordance with a predetermined control strategy.
The fan also may be cycled by an indoor thermostat. This paper addresses several selected modes of whole-house -fan operation. Additional work is needed to identify the energy savings potential of other possible modes of operation. 
TEST HOUSES
Using this validated NBSWHF computer program, the simulation studies were conducted for the Hastings Ranch House (a three-bedroom house with 1,176 ftf loor area), which embodies current energy conservation designs and is more energy efficient than conventional houses. ' The computer model of the house was, however, modified in accordance with the prevailing local building practices and moved around to the ten cities listed in Table 1 Other data used such as window characteristics, air leakage data y and internal heat source data were made consistent with those used in the DoE's Building Energy Performance Standards (BEPS). Details for the BEPS residential building data are given in reference 4. The building had 15% of floor area as the glazing area, which was evenly distributed among all four walls. This assumption was intended to model current practice, in which windows are not preferentially oriented. An internal load of 15.5 kWh/day was distributed in accordance with a typical household lighting, cooking, appliance-use schedule, as well as the occupancy pattern. As to the air leakage data, it was assumed that the infiltration under standard design condition is 0.6 air change per hour. The hourly air change values, however, were adjusted with respect to actual wind speed and indoor/outdoor temperature difference using the Achenbach and Coblentz relationship. ' 4. Tables 2 and 3 show the results of the NBSWHF calculations in terms of annual cooling load comparison between the houses with and without the whole-house fan, determined for the ten cities using ASHRAE TRY weather data tapes. ' The ASHRAE TRY weather data tapes contain hourly coincident values of outdoor temperature, humidity, wind speed, wind direction, and cloud cover. In NBSWHF the cloud cover data were converted into hourly solar radiation data by the Kimura/Stephenson method. ' The whole-house fan may be operated in many different ways with regard to starting/stopping, setting of the fan speed, and continuous vs cycling, etc.
CALCULATED COOLING ENERGY CONSUMPTION
In this study, the operation of the whole-house fan was simulated in two different modes.
In mode #1, the hourly total volume of the outside air introduced into the house was precisely regulated to satisfy the net sensible cooling requirements of the house for a 78°F room temperature set point. This was done in the following sequences: (1) The hourly sensible cooling requirement without whole-house fan for a given thermostat setting was first determined by a rigorous building heat transfer calculation on an hourly basis. (2) If the coincident outdoor temperature DB was below the indoor thermostat setting 78°a nd yet higher than 70°F , the necessary volume of outdoor air to satisfy that cooling requirement was then calculated by the following relation: c f m = Sensible Cooling Requirement .
1.08 (78 -DB) ( 3) The calculation for that hour was then repeated to determine the room and attic temperature under the condition when the air conditioner was off and the whole-house fan would introduce the volume of air determined in step 2 on the basis that the room air was exhausted through the attic space.
In order for a given whole-house fan to deliver exactly the right volume of air as determined by the equation in step 2, however, it is intrinsically assumed that the fan is cycled. In other words, the total running time of the fan was assumed proportional to the required cfm as specified in step (2) divided by the full-load capacity of the fan (to deliver an equivalent of 1 air change per minute of the house air.).
The second, iterative calculation showed that the whole-house fan was indeed able to maintain the room temperature at the set value within 1°F
. (4) The energy consumption of the fan was determined by multiplying the standard power rating (in this example 450 watts) by the fan running time.
If the calculated air delivery rate exceeded the rated air delivery rate of the fan, the rated fan air delivery rate was used. This mode of operation, designated as mode 2, was simulated using NBSWHF. The whole-house fan in the mode #2 analysis is also assumed to operate at half capacity (i.e., 0.5 air change per minute) when the outdoor temperature is below 78°F but above 7 2°F. When the outdoor temperature was below 72°F it was also assumed that the fan was stopped and the house was cooled with natural ventilation of 6 air changes per hour, or one-tenth of the standard whole-house-fan rate. The indoor temperature will be very close to the outdoor temperature when the whole-house fan is introducing the outdoor air with a rate of one air change per minute, which would create a breeze of 100 200 ft per minute. The breeze makes the occupant comfortable under higher temperatures than 80°F, as shown in Figure 2 , which depicts the Fanger comfort index.
The PMV stands for the "Predicted Mean Vote" and represents the average thermal sensation of people representing many social strata and age groups on the combined effect of temperature, humidity, mean radiant temperature, and air speed across the body.
The scale for the PMV is as follows: The physiological fundamentals of PMV with respect to thermal environment, effect of sex, race, age, food and other factors are given in reference 3. Figure 2 shows also that the full-capacity whole-house-fan breeze (100~200 fpm) would make the occupant feel too cool if the room temperature were below 80°F. This is the reason that the fan capacity was assumed to be cut down to a half of full capacity.
Furthermore, it was assumed that the natural ventilation without fan could provide approximately 6 air changes per hour of outdoor air circulation and is good enough to provide a comfortable condition when the outdoor temperature is below 72°F but above 65°F. Table 3 shows the result of the mode #2 calculations for the same houses used in the mode #1 simulation. A marked increase in the electric energy savings is mostly due to the fact that the number of hours when the fan is on (WHF hours) to replace the air conditioner is larger than in the mode #1 operation. The increase of the cooling kWh savings was, however, somewhat offset by the increased fan energy consumption. The fan power in this case was estimated by examining typical commercial whole-house fan ratings and was assumed to be 450 watts at full capacity and 130 watts at half capacity.
It appears that the electrical power consumption varies with 1.7 power of air delivery rate while the theoretical fan brake horse power should vary with the cubic power of the air delivery rate, in accordance with the fan law. The deviation from the fan law is due to the reduction in the electrical motor efficiency as its rpm is reduced.
Figures 3 through 12 show the daily cooling kWh plotted versus daily average outdoor temperature for the ten cities used in the analysis. For this analysis, the whole-house-fan was operated in mode #2. Most of the figures show the marked decrease of the daily cooling kWh when the whole-house-fan was utilized, except for Phoenix and Fresno, where the cooling kWh savings are somewhat smaller than in the other cities. This is because the percentage of possible whole-house fan hours during the summer in these two cities is considerably smaller than in the other cities, as shown in Table 1 and Figure   24 .
The two straight lines shown in these figures are least-squares-fit representations of the calculated daily total cooling kWh points.
Figures 13 through 22 show the hourly frequency of calculated PMV's for the houses with and without the use of whole-house ventilation. These hourly frequency profiles under shaded histogram represent the house without whole-house fan, while the unshaded histograms represent the house with whole-house fan. The house with a whole-house fan operated under mode 2 tends to show many hours with higher PMVs.
The PMVs in these calculations, however, were calculated on the basis of a predetermined set of occupancy responses to the hot environments as follows: 1) The occupant wears typical business suit (clo = 1.0).
The room air motion is zero. 2) When the occupant feels warm as the indoor temperature increases (PMV = 2.0), he starts shedding his clothes until the clo value becomes 0.5 or the equivalent of light summer clothing. 3) If the PMV value is still higher than 2 . at clo = 0.5, the PMV is recalculated with increased air speeds at steps of 0.1 m/s until 0.5 m/s is reached.
In figures 13 In order to compare the cooling kWh effectiveness of the whole-house fan at indoor thermostat settings other than 78°F, figure 23 is prepared for the Washington, D.C. ranch house. This figure was obtained for the mode #1 condition so that the effectiveness of the whole-house fan could be compared at identical indoor conditions. It is shown also that the relative amount of cooling kWh saving becomes greater as the indoor cooling thermostat is set at a higher temperature.
The implication of this particular figure is that an equal or greater amount of cooling kWh savings can be obtained simply by increasing the cooling thermostat setting without even using a whole-house fan.
For example, the annual cooling kWh reduction by whole-house fan at 78°F for the Washington D.C. ranch house is from 2500 kWh to 1900 kWh, or 600 kWh. Figure 23 shows that the same kWh savings can be obtained by simply turning the thermostat from 78°t o 82°F. The comfort aspect at 82°F can be made similar to that of 78°F by using ceiling fan or similar room circulating fan as long as the room humidity level is not excessive.
This point merits attention for economic considerations, since the cost of purchasing and installing a whole-house fan is not trivial. Figure 23 .
More studies are needed to develop the sensitivities of major parameters and the effectiveness of whole-house cooling -such as house thermal mass, indoor thermostat setting, and size of the whole-house fan. Also to be included in the future studies are economic analyses as well as the indoor relative humidity problems (when the outdoor air humidity level is high). The bin data were generated from ASHRAE TRY (Test Reference Year) weather data tapes. 
